I. INTRODUCTION
T HE TANOS memory cell is considered today the most practical evolution of the floating-gate Flash cell for NAND architectures, allowing improved reliability and scaling perspectives [1] - [4] . Stress-induced leakage current immunity, strongly reduced cell-to-cell parasitic interference, and the possibility to decrease the thickness of the gate dielectric stack and, therefore, the program/erase (P/E) biases appear as the main promises of the TANOS technology [5] , [6] . However, a clear quantitative assessment of these benefits and of the possible drawbacks is still lacking, and no detailed perspective of the achievable TANOS technology performances has been reported so far.
In this paper, we investigate the programming dynamics of TANOS memory devices, presenting a new physics-based model that is able to reproduce the threshold voltage (V T ) transients over an extended range of programming biases and times. The analysis that we present in this paper is more extended and complete with respect to that we reported in [7] , starting from a simplified analytical model allowing the understanding of some basic properties of V T transients in nitride memories. A more refined numerical model is then presented to achieve a good quantitative agreement between experimental and modeling results. The model includes an accurate description of the trapping/detrapping processes in the nitride layer, taking into account the finite number of traps available for charge storage, their energetic and spatial distribution, and the nonzero energy relaxation length of injected carriers [8] , [9] . With all these features, the model explains the reduced gate control over V T transients with respect to floating-gate cells, which affects the achievable programming performances. The good agreement between experimental and modeling results that is found on samples with different gate-stack compositions makes the model a valuable contribution for the investigation of the TANOS technology performances from the P/E standpoint.
II. FIRST-ORDER ANALYTICAL MODEL
FOR THE PROGRAM OPERATION Fig. 1 shows the band diagram along a TANOS memory device during programming at a high gate voltage V G , giving rise to Fowler-Nordheim (FN) electron tunneling through the bottom-oxide layer. The tunneling current is strictly related to the electric field F in the bottom oxide, which can be straightforwardly calculated as
where we have assumed that the gate work function equals the silicon electron affinity and that a planar charge density Q 
In the previous equations, N and HK are the nitride and the Al 2 O 3 dielectric constants, t HK is the Al 2 O 3 thickness, θ = t HK / HK + t x / N is the reciprocal of the capacitance from the trapping point to the gate, and EOT is the equivalent oxide thickness of the gate stack, given by
where t ox and ox are the bottom-oxide thickness and dielectric constant, respectively, and t N is the nitride thickness. The density of electron-filled traps in the nitride n t = −Q/q (units: cm −2 ) increases as a consequence of the capture of a part of the FN electron flow coming from the substrate, according to the relation [10] 
where σ is the capture cross section of the nitride traps (units: cm 2 ), N t is the total trap density (units: cm −2 ), and e is the electron detrapping rate (units: s −1 ), e.g., by thermal or tunneling emission. Note that the product σ × N t should be lower than one for the previous equation to keep its validity. Taking the time derivative of (2) and combining it with (4), the following equation for the time evolution of ΔV T can be obtained:
where we have considered θ as a time-independent constant, i.e., any variation of the charge centroid in the nitride with time was neglected. In order to solve (5), the following FN formula for the tunneling current through the bottom oxide can be used:
where A and B depend on the physical parameters of the potential barrier [11] , [12] . By means of (1) and (6), (5) can be expressed as a function of the electric field F
A. Large Number of Trapping Sites and No Detrapping
Neglecting electron detrapping (i.e., putting e = 0) and assuming that N t n t , only the first term in the square brackets on the RHS of (7) can be considered, obtaining (9) where F i is the electric field at the beginning of the program operation (t = 0), e.g., F i = V G /EOT assuming that no charge is initially stored in the nitride. Using (1), (9) gives the ΔV T evolution with time Fig. 2 shows the calculated ΔV T transients obtained at V G equal to 14, 16, and 18 V, assuming the device parameters reported in Table I . For a time t that is sufficiently long to lose the ΔV T dependence on the different initial electric field F i , the curves are only vertically shifted by the difference in their programming V G . This means that, for a fixed time t, the gate sensitivity factor GSF = ∂ΔV T /∂V G for the transients is equal to one, as normally obtained on floating-gate memory cells. Note that this result does not derive from the trapping of all the electrons injected into the nitride layer but from the hypothesis of a very large number of trapping sites available for electron storage. From (1), in fact, when the programming voltage is increased from V G1 to V G2 , the same bottom-oxide electric field F is obtained when the difference between the threshold-voltage shift obtained at V G,2 (ΔV T,2 ) and
When this condition is reached, the same ΔV T evolution takes place in both cases, as no limitations in the trapping dynamics come from the charge that has already been stored, owing to the large number of available trapping sites. As a result, the ΔV T transients are only vertically shifted by V G2 − V G1 . Fig. 2 also shows that, for a fixed programming voltage V G , the V T transients display a converging behavior when different ΔV T values are assumed at t = 0 (e.g., ΔV T 0 = 1 and 2 V in the figure), as usually obtained in floating-gate memory devices. Moreover, (10) states that the shape of these transients is affected only by a change in EOT or B. In fact, any change in σ, θ, A, or N T determines only a horizontal shift of the curves in the logarithmic time axis, as shown in Fig. 3 when changing A from 10 −5 to 10 −4 A/V 2 for a fixed B. Instead, the figure shows that decreasing B from 2.4 × 10 8 to 10 8 V/cm increases the slope of the ΔV T transient: This is due to the less fielddependent tunneling current characteristics that result from the reduction of B, allowing a smaller decrease of the programming current for a given charge stored in the nitride layer. Finally, note that the change in shape of the ΔV T curve does not modify the GSF of the transients, which is still equal to one. 
B. Effect of the Finite Trap Density
When the hypothesis of N t n t is removed, in the case of no charge detrapping, (7) becomes to 2 × 10 13 cm −2 determines a lowering of the transients as the achieved ΔV T gets higher, as a result of the smaller number of empty traps available [13] , [14] . The corresponding GSF is shown in Fig. 5 for t = 1 s, where a value nearly equal to 0.85 is obtained for N T = 2 × 10 13 cm −2 . A slightly larger value of the GSF can be extracted for smaller programming times, as shown in Fig. 6 , considering the time range between 1 ms and 1 s. Below 1 ms, instead, the GSF rapidly drops to zero, as the programming time is not long enough to make the transients lose their dependence on the initial F i , as a ΔV T that is nearly equal to 0 is maintained at V G = 14 V. For comparison, the figure also shows the GSF for N T = 5 × 10 14 cm −2 , displaying a convergent behavior toward one for increasing programming times. In the case of very low N T values, a clear saturation of ΔV T can be achieved, as shown in Fig. 4 for N T = 10 13 cm −2 . The saturation level does not depend on the programming voltage and is determined by the filling of all the available traps in the nitride. As a consequence, when the ΔV T curves reach the saturation level, the GSF rapidly falls to zero.
As in the case of a very large number of available traps, the gate sensitivity factor does not depend on A or σ, as these terms appear as multiplying factors in the second member of (11), therefore determining only a horizontal shift of the ΔV T curves in the logarithmic time axis. Instead, Fig. 5 shows that the reduction of B gives rise to a slight decrease of the GSF, due to the steeper ΔV T transients (see Fig. 7 ) and the flatter J−F characteristics. Finally, Fig. 8 shows that the converging behavior of the ΔV T transients for a different initial ΔV T 0 is preserved, even taking into account the finite number of traps in the nitride. In fact, for a fixed programming voltage V G , the different ΔV T 0 modifies the initial field F i and the short time behavior of the ΔV T transients but does not modify the regime (F i -independent) behavior of ΔV T , as the number of available traps for a given ΔV T > ΔV T 0 is not changed. Fig. 9 shows the ΔV T transients calculated by (7) when a constant electron detrapping rate e = 1 s −1 is assumed, with N T = 10 14 cm −2 . Electron detrapping makes the transients saturate at a maximum ΔV T level which is not determined by the filling of all the available traps but by an equal rate of trapping and detrapping processes. As a consequence, the saturation level depends on the programming voltage, while the time at which saturation occurs is barely affected by V G . The effect of electron detrapping on the GSF is shown in Fig. 10 : For short programming times, the curves for e = 0 coincide with those for e = 0, while they slightly drop to a lower value, determined by the separation of the maximum ΔV T levels for the different V G , when saturation occurs.
C. Effect of Nonzero e

III. PHYSICS-BASED NUMERICAL MODEL FOR PROGRAMMING
The analysis of the program operation presented in the previous section allowed a first-order evaluation of the dependence of the programming ΔV T transients on the main physical and device parameters of TANOS memories. A reduced gate control on the threshold-voltage shift achieved at a fixed programming time was shown to appear as a result of the finite number of traps in the nitride layer. This reduced gate control was quantified by means of the GSF, representing a fundamental parameter for the determination of the achievable programming performances of the TANOS technology. A value of this parameter lower than one represents a drawback of nitride with respect to floating-gate storage, critically limiting the possibility to scale the programming voltages. Fig. 11 shows the experimental programming transients at different V G 's ranging from 10 to 20 V on a TANOS device with 4.5 nm of bottom oxide, 6 nm of nitride, and 15 nm of Al 2 O 3 . Fig. 12 shows the GSF extracted as a function of time by fitting the V T −V G relation of the curves for V G = 14, 16, and 18 V: A maximum value of 0.65 is extracted, which is in the 0.5-0.7 range commonly reported by other authors [3] , [13] , [15] , highlighting a quite low gate control over ΔV T with respect to the floating-gate case. As V T shifts as large as 5 V are observed for V G = 20 V, N T should be larger than N T = 2 × 10 13 cm −2 in order to avoid an early saturation of the transients. This means that the simplified model presented in the previous section cannot completely describe the programming transients in our devices, as GSFs larger than 0.85 are shown in Fig. 5 for the standard B parameter of the J−F characteristics. The possibility to further reduce the sensitivity factor by reducing B would require an extreme modification of the J−F relation, which can be obtained only by engineering the bottom dielectric tunneling barrier. In order to obtain a good agreement between experimental and modeling results, we developed a new physics-based model [7] that is able to overcome the main limitation of the analytical model previously presented, i.e., the inability to carefully deal with the distributed electron trapping inside the nitride.
A. Numerical Model for the Program Operation
In order to remove the approximations assumed in the analytical model of Section II, at a fixed time t during programming, the potential profile along the 1-D TANOS stack is calculated by self-consistently solving the Schrödinger-Poisson equations, in order to carefully evaluate the device electrostatics, and the electron tunneling current through the bottom oxide is calculated using the WKB approximation, considering quasi-bound states in the substrate. Different from simplified models for the trapping processes [13] , [16] , the drift-diffusion equation is solved to evaluate the electron concentration in the nitride conduction band [10] , [17] , including the possibility for carrier capture and release in the nitride traps. Electron release from previously filled traps by both thermal emission and tunneling was included, considering in the latter case both detrapping to the nitride conduction band and directly to the gate through the top dielectric material. When solving the driftdiffusion equations, at the nitride-alumina interface, the presence of the conduction band discontinuity was accounted for, considering the output current as the product of the electron drift term and the tunneling transparency through the Al 2 O 3 potential barrier. As, during high-voltage programming, electrons enter the nitride with a large energy (see the band diagram in Fig. 1 ), we introduced an energy relaxation rate λ E (in eV/nm) (not included in [17] ) to describe their thermalization to the nitride conduction band [8] , [9] , neglecting the trapping of the high-energy electron flow in the nitride region between the bottom-oxide interface and the thermalization point of the carriers. This latter assumption corresponds to considering the trapping cross section a rapidly decreasing function of energy [18] . Further numerical details on the model can be found in the Appendix. Fig. 11 shows that a good agreement can be obtained between experimental data and the results from our new physics-based numerical model, using the parameters reported in Table II . Note that nitride and alumina dielectric constants and electron affinities were chosen in accordance to the results presented in [19] and were not treated as fitting parameters. Moreover, the bottom-oxide, nitride, and alumina thicknesses given by TEM measurements were used. Fig. 13 shows that, with the same set of parameters, a good agreement between experimental and modeling results can be obtained also on TANOS devices with a different stack composition. A Gaussian energy distribution of the nitride traps was assumed, extracting its average distance from the nitride conduction band and its standard deviation when fitting the available data with simulation results, Fig. 13 . Same as in Fig. 11 but for a TANOS device with a different stack composition. obtaining 1.9 and 0.12 eV, respectively. A hyperbolic cosine profile was instead extracted for the spatial distribution of the traps (reported in [7] ), highlighting a larger trap density at the nitride-bottom-oxide and nitride-alumina interfaces [6] , [17] . The effect of the nonzero energy relaxation length on the programming transients is shown in Fig. 14 , highlighting a further reduction of the GSF with respect to the case of an instantaneous energy relaxation of electrons when they enter the nitride. In fact, the introduction of λ E and the assumption that only thermalized electrons can be trapped make only a fraction of the nitride "active" in the trapping process. Moreover, the thickness of this layer decreases as the programming bias is increased, due to the larger energy of electrons entering the nitride, making the V T transients closer. Fig. 14 also shows the programming transients calculated by means of the analytical model presented in Section II, neglecting electron detrapping and assuming the parameters in Table II [in order to correctly take into account the gate work function and the substrate potential drop at inversion, 1 V was subtracted from V G using (11)]. The curves nearly match the results obtained when an energy relaxation length equal to zero is assumed, considering ΔV T values sufficiently below the saturation level. This confirms that the analytical model in Section II can be used to have first-order results on the programming transients.
B. Results
Finally, note that our model can explain the experimental evidences reported in [6] , [20] - [22] , stating that trapping into very thin nitride layers is negligible. In fact, Fig. 15 shows that, for a fixed electric field at the beginning of the program operation equal to 12 MV/cm, the reduction of the nitride thickness results into lower programming transients, with a rapid decrease of the achievable ΔV T when the nitride layer is reduced below 2 nm. This behavior can be explained considering that, when the nitride thickness approaches the energy relaxation length for electrons entering the nitride, trapping is critically reduced. Moreover, as a limiting case, our model predicts that, for nitride thicknesses below 1.6 nm, no trapping takes place in the nitride, as electrons leak through the alumina layer before relaxing their energy.
As a final remark, note that all the previous modeling results were calculated assuming that no trapping takes place in the bottom oxide and alumina, considering them as ideal trap-free dielectrics. However, the possibility for the alumina to present a nonnegligible density of trapping sites, strictly dependent on its deposition and annealing process conditions, has been previously reported [19] , [23] . Trapping in the Al 2 O 3 layer may limit the possibility to observe the clear saturating behavior of the programming transients that is predicted at high V G by our model in Figs. 11 and 13 and in the possibility for small V T variations even for nitride thicknesses below 1.6 nm. More important, the role of alumina should be carefully investigated referring to the TANOS device working conditions, highlighting its impact on the technology reliability.
IV. CONCLUSION
This paper has presented a physics-based model that is able to describe high-voltage programming on TANOS memories, representing a valid contribution for the investigation of the achievable performances of this technology. The modeling results are in good agreement with experimental data on TANOS devices with different gate-stack compositions, considering an extended range of gate biases and times. In particular, the reduced gate-bias sensitivity of the programming transients with respect to the floating-gate cell was explained in terms of a finite number of nitride traps and a thinner extension of the nitride trapping region as the gate bias is increased.
APPENDIX
In order to evaluate the free electron charge in the nitride conduction band self-consistently with trapping and detrapping, the following system of equations should be solved: q σ (N t − n t (x, t)) − n t (x, t) e (12) describing the electron drift-diffusion, continuity, and trapping/detrapping, respectively. In the previous equations, N t and n t are now the total trap density and the filled trap density per unit volume (units: cm −3 ), n c is the electron density in the nitride conduction band, and μ n and D n are the electron mobility and diffusion coefficient, respectively. For the solution of the system, the following boundary conditions are applied:
J(x r , t) = qn c (x r , t)μ n F (x r , t) + qD n ∂n c (x r , t) ∂x + J in J(x 2 , t) = qn c (x 2 , t)μ n F (x 2 , t)T n c (x, 0) = 0 n t (x, 0) = 0 where x 2 is the coordinate of the nitride-alumina interface and x r is that of the point where electrons entering the nitride reach the bottom of the conduction band according to the energy relaxation rate λ E . In correspondence to this point, all the electron currents injected from the substrate J in are summed to the electron drift-diffusion current. The solution of the system (12) resulted in the calculated curves in Figs. 11, 13 , and 15. For electron mobilities as low as μ n = 10 −3 cm 2 /Vs and nitride/alumina tunneling barriers as high as 1.2 eV, a negligible impact of the solution of the drift-diffusion equation [the first equation in (12) ] is found. This means that, for the explored V G and programming-time range, the solution of the second and the third equations of the system (with n c = 0) is enough to obtain the programming transients, revealing a negligible impact of the free electron charge accumulation in the nitride conduction band.
